Cellulolytic, xylanolytic, chitinolytic and β-1,3-glucanolytic enzyme systems of species belonging to the filamentous fungal genus Trichoderma have been investigated in details and are well characterised. The ability of Trichoderma strains to produce extracellular proteases has also been known for a long time, however, the proteolytic enzyme system is relatively unknown in this genus. Fortunately, in the recent years more and more attention is focused on the research in this field. The role of Trichoderma proteases in the biological control of plant pathogenic fungi and nematodes has been demonstrated, and it is also suspected that they may be important for the competitive saprophytic ability of green mould isolates and may represent potential virulence factors of Trichoderma strains as emerging fungal pathogens of clinical importance.
more and more attention is focused on the investigation of Trichoderma proteases and their potential role in biocontrol and other processes.
Extracellular protease profiles of Trichoderma strains
A series of data is available about the extracellular proteolytic enzyme profiles of Trichoderma strains. Ridout et al. [11] used polyacrylamide gel electrophoresis (PAGE), isoelectric focusing (IEF), gel filtration and chromatofocusing for the fractionation of extracellular enzymes, including proteases from a mycoparasitic strain of T. harzianum. Using activity stains after PAGE in 6% gels, four active bands could be detected at pH 4.0, and one of these bands was also active at pH 9.0. Several protease enzymes were detected by activity staining of IEF gels at pH 9.0. By the use of gel filtration, two peaks of protease activity were found at pH 4.0, corresponding to enzymes with molecular weights of 65 and 23 kDa, while a large number of protease enzymes was separated by chromatofocusing in both the range pH 7−4 and pH 9−6 [11] .
Delgado-Jarana et al. [12] detected several acidic, neutral and basic extracellular proteases by IEF in the case of T. harzianum. The acidic proteases were found to be pHregulated, and nitrogen sources such as yeast extract, peptone and casein induced their production. Alkaline and neutral proteases seemed to be induced only by lactose and chitin, carbon starvation, and some organic nitrogen sources such as casein.
Antal et al. [13] examined and compared the extracellular enzyme profiles of mycoparasitic T. aureoviride, T. harzianum and T. viride strains by Sephadex G150 gel filtration chromatography. The profiles of trypsin-like and chymotrypsin-like proteases were found to be similar between the strains, and chromatographic profiles suggested that both systems consist of more isoenzymes. In the case of a T. viride strain, at least six proteases were detected under inductive conditions by gel filtration chromatography [14] . The supernatants derived from cultures of a T. harzianum strain induced by heat-inactivated Bacillus subtilis cells were fractionated on a Sephadex G-150 column and the detected enzyme profiles proved to be complex including at least 3 trypsin-like (approx. 5, 13 and 19 kDa in size) and 6 chymotrypsin-like proteases (between 12 and 43 kDa) [15] . According to this study, Trichoderma strains may be able to degrade bacterial cells, and proteases are suggested to play a role in this process.
Williams et al. [16] demonstrated that growth on mushroom cell walls in vitro resulted in rapid production of trypsin-and chymoelastase-like proteases by Trichoderma isolates belonging to the groups Th2 and Th4 aggressive to Agaricus bisporus. Several protease isoenzymes were detected by IEF both on A. bisporus cell walls and on wheat straw, and aggressive isolates produced a dominant protease isoform (pI 6.22) on mushroom cell walls.
This study suggests that proteases may play an important role both in mycoparasitism and extensive saprophytic growth, which seem to be among the main components of aggressiveness.
Supernatants from induced liquid cultures of six clinical T. longibrachiatum isolates were screened for proteolytic enzyme activities with 11 different chromogenic p-nitroanilide substrates [17] . The production of trypsin-like, chymotrypsin-like and chymoelastase-like protease activities was common among the examined strains. Separation of trypsin-and chymotrypsin-like activities by column chromatography revealed that both systems are complex consisting of several isoenzymes. It was suggested that extracellular proteolytic enzymes may represent potential virulence factors of Trichoderma strains as emerging human pathogens.
In a recent paper [18] , nine different protease alleles with a wide range of molecular weights were detected by SDS-PAGE in the case of 17 biocontrol strains of Trichoderma. A great variability could be detected between the individual strains, and the protease isoenzyme profiles along with profiles of other cell wall-degrading isoenzymes proved to be applicable for taxonomic investigations.
Data are available also about the influence of abiotic environmental factors on the extracellular proteolytic activities of Trichoderma strains. The effect of low temperature on the production and activity of extracellular enzyme systems, including proteases, was examined in the case of cold tolerant Trichoderma isolates [19] . Results showed that trypsinand chymotrypsin-like activities were produced at 10 °C and remained highly active even at 5 °C, and most of the strains could antagonize the phytopathogens R. solani and F. oxysporum f. sp. dianthi in dual culture tests at low temperatures. In vitro water activity (a w ) and pHdependence of the extracellular enzyme activities of five cold tolerant Trichoderma strains was also examined [20] . Maximal activities for trypsin-like and chymotrypsin-like proteases were measured at a w 0.950, which is lower than the values optimal for mycelial growth. In These studies indicate that Trichoderma strains possess a complex proteolytic system consisting of a large set of enzymes displaying different types of activities, and that the proteases of Trichoderma can remain active even under environmental conditions that are unfavorable for mycelial growth.
Purification and properties of extracellular proteases from Trichoderma
The most important characteristics of proteases purified from Trichoderma strains are summarized in Table I 
Cloning and characterization of genes coding for Trichoderma proteases
The first report about the cloning of a Trichoderma protease gene has been published in 1993 [25] . In the last few years, increased attention has been paid on the investigation of the genetic background of the proteolytic system of Trichoderma strains. Table II T. asperellum was also reported in this study [42] , however, PAPB is suggested to be an intracellular enzyme. The cloning of the gene encoding for the aspartyl protease purified from T. reesei by Pitts et al. [33] was also performed [43] .
Extracellular proteases of Trichoderma and efficiency of biocontrol
Although Mischke [44] reported that the specific activity of proteases produced by Trichoderma strains do not correlate with their known biocontrol ability, other studies indicate the opposite. Transformation systems were developed for increasing the copy number of the T. atroviride prb1 gene [45, 46] . Transformants exhibited increased control of R.
solani, suggesting that prb1 is a mycoparasitism-related gene [45] . A transformant containing multiple copies of prb1 displayed improved biocontrol activity against Meloidogyne javanica, indicating that this protease may be important also for the biological control of nematodes [47] . Overexpression of tvsp1 in T. virens also resulted in an increased biocontrol activity against R. solani. Results of these studies suggest that the overexpression of protease encoding genes is a powerful tool for strain improvement. However, Flores et al. [45] reported that transformants with extremely high protease levels were not the best biocontrol Consequently, an appropriate level of crop protection could be ensured within the frames of integrated pest management by the application of reduced amounts of copper-containing fungicides in combination with biocontrol Trichoderma strains.
Advantages and disadvantages of Trichoderma proteases in biotechnology
Proteases have a large variety of applications in the detergent, leather, dairy, baking and pharmaceutical industries [1] , therefore it is very important to screen for potential microbial sources of these enzymes. Trichoderma species seem to be promising candidates, The presence of extracellular proteases of Trichoderma may be a disadvantage in fermentation processes aiming the production of other extracellular enzymes, as they can reduce or eliminate the activity of the desired product. Nakayama [55] was the first who demonstrated the presence of acidic, neutral and alkaline proteases in a commercial Trichoderma cellulase product. An endocellulase component of this product was subjected to partial proteolysis with a homologous protease preparation, which resulted in a modified cellulase with very similar chromatographic patterns to those of cellulase subfractions without proteolytic treatment [56] . Later, truncated forms of endoglucanases [57, 58] and cellobiohydrolases [59] have been isolated from T. reesei and it was demonstrated that proteolysis at late culture stages may contribute to the multiplicity of cellulolytic enzymes.
The high levels of protease in the extracellular culture fluid of a proteolytic selectant of T.
reesei correlated with the appearance of proteolytic cellulase degradation products [31] . A study on the mechanisms regulating post-secretory limited proteolysis of cellobiohydrolase and α-galactosidase of T. reesei revealed that a purified acidic protease cleaved both enzymes into the same proteolytic fragments, that had been isolated from the culture medium, and the enzymatic degradation was dependent on the degree of glycosylation of the secreted enzymes and pH [35] . When an endochitinase gene of T. harzianum was overexpressed in T. reesei, the amounts of the produced enzyme decreased remarkably with the decrease in the culture pH at the late stages of cultivation [60] . However, mRNA levels were still high at these time points, suggesting that the endochitinase was sensitive to an acidic protease, which occurred concominantly with the change in the culture pH. Delgado-Jarana et al. [12] overexpressed a homologous β-1,6-glucanase in T. harzianum and found that low pH resulted in the degradation of the product due to the induction of aspartyl proteases other than papA. This problem could be overcome by buffering the medium to avoid the production of these pHinduced enzymes, or by adding their potential substrates, e.g. yeast extract, peptone or casein in order to protect the β-1,6-glucanase from proteolysis. Another possibility could be the application of Trichoderma strains with low levels of protease production. Low protease mutants have been isolated from T. reesei by classical mutagenesis [43, 61] and by gene disruption [62] .
Conclusions
Studies examining the proteolytic enzyme profiles of Trichoderma strains revealed that the protease system of Trichoderma is complex containing a large set of enzymes. The proteases of Trichoderma can remain active even under environmental conditions unfavorable for mycelial growth, suggesting the possibility of strain improvement for better stress tolerance properties. Certain components of the protease system, including carboxylic proteases, subtilisin-like, trypsin-like and chymotrypsin-like serine proteases as well as aspartyl proteases were purified and characterised, and genes of some serine and aspartyl proteases were also isolated. It was demonstrated, that Trichoderma proteases are involved in the mycoparasitic action, nematicidal activity and plant colonization. Certain proteases appeared to be associated also with the aggressiveness of Trichoderma groups towards the commercial mushroom A. bisporus, which seems to be based mainly on competitive saprophytic ability. It has also been suggested that proteases may represent potential virulence factors of T. longibrachiatum strains as emerging fungal pathogens of clinical importance. In conclusion, it seems to be obvious, that Trichoderma strains evolved the ability of extracellular protease production to increase their survival advantage as competitive saprophytic and parasitic organisms.
Only a few Trichoderma proteases have been examined until now for their potential applicability for commercial purposes. However, there is an emerging need for microbial protease sources in biotechnology, and members of the genus Trichoderma seem to be promising candidates. On the other hand, if a Trichoderma-based biotechnology process is aimed at the production of other enzymes or proteins, it has to be considered during the selection of the producer strain and fermentation conditions that acidic Trichoderma proteases may have negative effects on the activity and yield of the desired product. 
